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INTRODUCTION
The identification of individuals at risk of future adverse cardiovascular outcomes is important after percutaneous coronary intervention (PCI). Thus, the use of novel risk markers such as genetic polymorphisms to augment standard risk algorithms, including conventional clinical risk factors, has attracted increasing attention in recent years.
Dual antiplatelet therapy with aspirin and clopidogrel is the current standard of treatment after PCI with drug-eluting stent to reduce the rate of recurrent ischemic events.
1,2 However, considerable interindividual variability exists in response to clopidogrel, and those with high on-clopidogrel platelet reactivity are at increased risk of cardiovascular events. 3, 4 Several clinical, genetic, and cellular factors have been suggested as mechanisms for clopidogrel response variability. 5 One of the common causes of individual variations in drug response is genetic polymorphism associated with drug absorption and metabolism. [6] [7] [8] Clopidogrel is a prodrug that requires active enteric absorption and conversion into an active metabolite in the liver. 9 A key protein involved in clopidogrel absorption is the intestinal efflux transporter P-glycoprotein which is encoded by the ABCB1 gene. 8 The genetic variant 3435C>T is associated with impaired function of the intestinal drug-efflux transporter. Previous findings suggest that individuals with the ABCB1 3435 TT genotype have reduced concentrations of the active drug metabolite 8 outcomes compared with CC and CT carriers. 10, 11 After intestinal absorption, biotransformation of clopidogrel into active thiol metabolite is accomplished by hepatic cytochrome P450 isoenzymes such as CYP2C19. According to previous studies, the CYP2C19 loss-of-function (LOF) alleles (*2 and *3 alleles) result in a decreased serum concentration of active metabolite, which causes high on-clopidogrel platelet reactivity and then translates into a higher rate of subsequent cardiovascular events than noncarriers. [10] [11] [12] [13] [14] Of note, individuals carrying two LOF alleles, who are considered CYP2C19 poor metabolizers (PMs), showed the worst pharmacokinetic/pharmacodynamic profiles for clopidogrel and the highest risk of cardiovascular outcomes compared with those with one LOF allele or none. 10, 13, 14 Because the metabolizing enzyme and drug transporter function together instead of separately in pharmacokinetics, it may be reasonable to assume that the evaluation of both the CYP2C19 PM status and ABCB1 3435 TT might improve the ability to predict adverse clinical outcomes in patients taking clopidogrel after PCI. However, there is a paucity of data on the combined effect of these two at-risk variants.
Meanwhile, although there is evidence that CYP2C19 PM and ABCB1 3435 TT are associated with adverse outcomes, the current guideline does not recommend routine genetic testing to assess clopidogrel metabolism for patients considering treatment because of a lack of evidence that the association is clinically important. 15 To demonstrate clinical usefulness, a novel risk marker should provide clinically significant prognostic value above and beyond that provided by conventional risk factors. The traditional metrics for evaluating the incremental values of novel markers for risk prediction involve a comparison of the C-statistic before and after the addition of the new markers to a baseline risk model. 16 However, the C-statistic is relatively insensitive to change and may not increase appreciably even when a new marker is statistically significant and independently associated with risk. 17 Therefore, alternative novel statistical metrics have recently been proposed to assess whether the addition of a new risk marker results in a substantial proportion of individuals being moved ("reclassified") across a predefined risk threshold. These metrics include net reclassification improvement (NRI) and integrated discrimination improvement (IDI), which quantify the appropriateness and amount of overall reclassification. 18 These two indexes are more powerful than the C-statistic for comparing two prediction models. 18 To the best of our knowledge, no data are available regarding the additional prognostic value of the combination of these at-risk variants over traditional clinical risk factors in a realworld East Asian PCI population or in other ethnic groups. Therefore, the aim of our study was to evaluate the incremental prognostic value of the combination of the CYP2C19 PM and ABCB1 3435 TT for adverse clinical outcomes over conventional clinical risk factors using traditional (C-statistic) and novel (NRI, IDI) statistical metrics in an East Asian PCI cohort taking clopidogrel.
MATERIALs AND METHODs study population
We enrolled 2,188 patients undergoing drug-eluting stent implantation at two affiliated hospitals of the Catholic University of Korea from January 2005 to December 2009. For this study, patients were considered eligible if they were older than 18 years of age, were maintained on dual antiplatelet therapy with aspirin and clopidogrel after stenting, and provided informed consent for genotyping. Patients were included regardless of the clinical presentation (stable angina or acute coronary syndrome) at the time of the procedure. The exclusion criteria were as follows: contraindications to aspirin or clopidogrel treatment (n = 20), known platelet-function disorder or thrombocytopenia (platelet count <80 × 10 3 /µl) (n = 4), or malignancy (n = 2). At least 5 days before elective PCI, 100 mg/day aspirin was prescribed, and 250-325 mg aspirin was prescribed as a loading dose before primary PCI. All patients received a loading dose of 300-600 mg clopidogrel. Postprocedural therapy consisted of 100 mg aspirin once daily and 75 mg clopidogrel once daily. The study protocol was approved by the institutional review boards at each participating hospital, and all patients provided written informed consent. The compliance of medication and the presence of adverse clinical events were assessed at every outpatient clinic visit. Most of the data were collected with the use of electronic charts. Complete follow-up data for major clinical events were obtained in 98.1% of patients. All outcomes of interest were confirmed by source document and were centrally adjudicated by a local events committee at the Cardiovascular Center of Seoul St. Mary's Hospital, Seoul, whose members were unaware of patient status. For validation of the complete follow-up data, censored survival data (for death or survival) were obtained through 30 September 2010 from the database of the National Health Insurance Corporation in Korea using unique personal identification numbers. This study is registered with ClinicalTrials.gov (NCTO1239914).
Genotyping
The presence of CYP2C19*2 (rs4244285), CYP2C19*3 (rs4986893), and ABCB1 3435C>T (rs1045642) was determined via the single-base extension method using an ABI PRISM genetic analyzer (Applied Biosystems, Foster City, CA). Hardy-Weinberg disequilibrium was not found to be significant for any of the tested genotypes (P > 0.05). For the CYP2C19 polymorphism, the patients were classified into three groups according to their predicted metabolizer phenotypes, as determined by the number of LOF alleles: extensive metabolizer (EM; *1/*1 or */*17), intermediate metabolizer (IM; *1/*2 or *1/*3), and poor metabolizer (PM; *2/*2, *2/*3 or *3/*3). For the ABCB1 3435C>T polymorphism, the patients were stratified according to the number of T alleles as follows: CC, CT, and TT. The overall population was categorized into the following four groups according to the presence of the at-risk variants (CYP2C19 PM and ABCB1 TT) of each gene to assess the combined effect of these variants: CYP2C19 EM/IM+ABCB1
Original research article 3435 CC/CT, CYP2C19 EM/IM+ABCB1 3435 TT, CYP2C19 PM+ABCB1 3435 CC/CT, and CYP2C19 PM+ABCB1 3435 TT. The results of genotyping were given to the attending physicians at each hospital for personalization of antiplatelet therapy.
Platelet-function test
To evaluate the effect of clopidogrel on platelet aggregation, we measured P2Y12 platelet reaction units using the VerifyNow P2Y12 test. To reflect the patients' full responses to clopidogrel and to minimize the effects of acute anticoagulant therapy during PCI, the test was performed on the day of discharge for all patients. Because the test has only been available since June 2008, a limited number of patients (n = 693) underwent the platelet-function test during the study period.
study end points and definitions
The primary end point was a composite of major adverse cardiac and cerebrovascular events (MACCEs), including death from any cause, nonfatal myocardial infarction (MI), (nonprocedural), and stroke during 1 year of follow-up. According to the current guideline, 19 dual antiplatelet therapy should be given at least 12 months after PCI. Thereafter, aspirin should be continued indefinitely and clopidogrel can be stopped at the physician's discretion according to the patient's condition. Because genetic polymorphism of CYP2C19 and ABCB1 3435 C>T are associated with pharmacokinetics/pharmacodynamics of clopidogrel, all outcomes of interest should be evaluated only during clopidogrel exposure. Thus, we chose the composite of 1-year adverse outcomes as the primary end point.
statistical analysis
Variables are presented as the mean ± standard deviation (SD) or frequencies (percentage). Continuous variables were compared using Student's t-test or one-way ANOVA, and categorical variables were compared using the chi-squared test or Fisher's exact test. To examine the association between the risk factors and the primary end point, we performed univariate and multivariate Cox regression analyses. The cumulative event rates for the primary end point were estimated by the KaplanMeier method according to the specified four combined genetic groups and compared by log-rank tests.
To assess the incremental prognostic value of the addition of genetic risk factors to the conventional clinical risk factors, we created the following two multivariate models: (i) a baseline clinical model including established conventional factors (age, male gender, MI as an index of diagnosis, chronic kidney disease, prior stroke, and left ventricular ejection fraction <40%) and (ii) a clinical-genetic model containing the covariates of the clinical model plus the four combined genetic groups. The selection of variables for the baseline clinical model was determined by a backward-stepwise technique, evaluating all potential univariate variables (P < 0.20) to create a multivariable model containing the variables with a P < 0.05. We performed several sensitivity analyses that confirmed the consistency of the models (e.g., modeling using the forward selection of variables, interaction analyses, and the rejection of colinearity). The discriminatory abilities of the models were assessed using the C-statistic, and differences in the C-statistic between the two models were compared according to the method of DeLong et al. 20 The calibration of the two models was tested using the Hosmer-Lemeshow goodness-of-fit test, and model fitness was assessed using the Akaike information criterion. Furthermore, to evaluate whether the addition of the genetic risk factors to the baseline clinical model led to any significant risk reclassification of the primary end point, NRI and IDI were calculated according to the method described by Pencina et al. 18 To evaluate clinical usefulness, categorical NRIs were applied with prespecified risk categories of <2.20%, 2.20-16.44%, and ≥16.44%, which were selected in accordance with the observed primary end-point rate of the present study (3.97%). Because net reclassification depends on the chosen risk threshold, 21 the thresholds in the sensitivity analysis were defined as 2.20 and 16.44%, which were more evenly distributed around the event rate of 3.97%. For the combined genetic status, the sample size of our study (2,188) provides 83.4% power to detect an effect size (Cramer's V) of 0.0735 with α = 0.05. A P value <0.05 was considered statistically significant. Statistical analysis was performed using SPSS 18.0 (SPSS, Chicago, IL).
REsULTs

Patient characteristics
A total of 2,188 patients were enrolled in our study. Approximately 60% of the population had at least one CYP2C19 LOF allele (IM or PM) and 14% had two LOF alleles (PM). In terms of the prevalence of ABCB1 3435 C>T polymorphism, 57% of the population had one or more T-allele (CT or TT) and 13.7% had two T-alleles (TT). Table 1 shows the baseline characteristics of the overall population according to the presence of MACCEs. The patients with MACCEs were older and had a lower body mass index. They also demonstrated a higher prevalence of hypertension, MI as an index diagnosis, chronic kidney disease, left main coronary artery disease, the ABCB1 3435 CT genotype, and the presence of both CYP2C19 PM and ABCB1 3435 TT, as well as a greater incidence of prior coronary artery bypass grafting, prior stroke, and a left ventricular ejection fraction of <40% compared with those who did not experience MACCEs.
On-clopidogrel platelet reactivity measured by the VerifyNow P2Y12 assay showed a statistically significant gene dose-response effect according to the CYP2C19 polymorphism metabolic status (platelet reaction unit value (mean ± SD): 200.7 ± 88.47 vs. 231.49 ± 79.87 vs. 259.67 ± 85.23 for EM vs. IM vs. PM, respectively, P < 0.0001 among the groups) (Supplementary Figure S1a online). However, a gene dose-response effect was not observed for the ABCB1 3435C>T polymorphism among the groups (platelet reaction unit value (mean ± SD): 223.45 ± 85.27 vs. 221.36 ± 84.6 vs. 232.39 ± 87.71 for CC vs. CT vs. TT, respectively, P = 0.56 among the groups) (Supplementary Figure S1b online). Consequently, when the four combined genetic subsets were assessed, a significant stepwise increase of platelet Table 2 shows the incidences of the primary end-point events according to genetic analysis. During the 1-year follow-up, a total of 87 (3.97%) primary end-point events occurred, including 64 deaths, 8 non-fatal MIs, and 15 strokes. Among the four combined genetic groups, the patients carrying both CYP2C19 PM and ABCB1 3435 TT showed the highest incidence of allcause death, stroke, and composite of MACCEs compared with those in the other groups (P < 0.01). Detailed causes of death according to the genetic variants is presented in Supplementary  Table S1 online. The observed hazard ratios (HRs) for the risk factors associated with the MACCEs are summarized in Table 3 . Univariate Cox analysis revealed that age, body mass index, hypertension, MI as an index diagnosis, chronic kidney disease, prior stroke, a left ventricular ejection fraction of <40%, left main coronary artery disease, CYP2C19 PM, and the concurrent presence of both CYP2C19 PM and ABCB1 3435 TT were significant univariable predictors of 1-year MACCEs. It is noteworthy that although the ABCB1 3435 TT was not a significant univariable predictor, when we considered combined status of CYP2C19 PM and ABCB1 3435 TT, the HR of patients who had both atrisk variants increased remarkably compared to that of each atrisk variant. Multivariate analysis showed that age, male gender, MI as an index diagnosis, chronic kidney disease, prior stroke, a left ventricular ejection fraction of <40%, and also the concurrent presence of both CYP2C19 PM and ABCB1 3435 TT were independent prognostic factors for MACCEs. Patients with both CYP2C19 PM and ABCB1 3435 TT had an approximately 4.5-fold higher HR for MACCEs (HR = 4.51, 95% confidence interval (CI) = 1.92-10.58) compared with those who did not carry either at-risk variant. However, there was no significant interaction between CYP2C19 PM and ABCB1 3435 TT (P for interaction = 0.052). Figure 1 shows the 1-year cumulative event rates of MACCEs for the four combined genetic groups. Among the groups, a significant stepwise increased risk of MACCEs was observed according to the presence of the CYP2C19 PM and ABCB1 3435 TT, with the highest event rate observed for the group carrying both at-risk variants, as follows: 13.8% (crude HR = 3.98, 95% CI = 1.71-9.21), 4.9% (crude HR = 1.38, 95% CI = 0.75-2.52), 4.4% (crude HR = 1.22, 95% CI = 0.64-2.33), and 3.6% (reference, log rank P = 0.007) for the individuals with both CYP2C19 PM and ABCB1 3435 TT, those with CYP2C19 PM but lacking ABCB1 3435 TT, those with ABCB1 3435 TT but lacking CYP2C19 PM, and those lacking both variants, respectively. Table 4 shows the results of analysis using calibration, discrimination, and reclassification metrics to evaluate the incremental usefulness of genetic risk factors over clinical risk factors for the prediction of MACCEs.
Incremental prognostic value of genetic risk factors over clinical risk factors
Calibration and model fit
The P values for the Hosmer-Lemeshow statistics were 0.79 for the baseline clinical model and 0.89 for the clinical-genetic model, signifying that both models were well calibrated. The Akaike information criterion was lower in the model containing combined genetic factors than in the model including the clinical factors alone.
Discrimination
Both the baseline clinical model (C-statistic = 0.786, 95% CI = 0.734-0.837, P = 0.03) and the clinical-genetic model (C-statistic = 0.785, 95% CI = 0.733-0.838, P = 0.03) provided significant discriminatory information for the prediction of the primary end-point events. However, although the individuals with CYP2C19 PM and ABCB1 3435 TT had a 4.5-fold Similarly, when CYP2C19 PM and ABCB1 3435 TT were added to the baseline clinical model, the C-statistic did not increase significantly.
Reclassification
The addition of the combined genetic factors to the baseline model also did not yield any significant further improvements in risk classification for the prediction of 1-year MACCEs. Although the absolute IDI (0.021, 95% CI = 0.003-0.040, P = 0.02) and relative IDI (18%, 95% CI = 6.1-30.0%, P = 0.003) were statistically significant, the categorical NRI (0.040, 95% CI = −0.039-0.119, P = 0.32) and continuous NRI (0.192, 95% CI = −0.011-0.395, P = 0.07) were not. In addition, the majority of risk reclassification occurred in the non-MACCE group. The net upward reclassification for the patients who experienced an adverse event was 0%, and the net downward reclassification for those who did not was 4% (Supplementary Table S2 online). Although these results were not statistically significant, they demonstrated that adding the combined genetic variables to the baseline clinical model better identified the patients at low risk.
DIsCUssION
To the best of our knowledge, this is the first study evaluating the incremental prognostic value of the combination of the CYP2C19 PM and ABCB1 3435 TT alleles over conventional risk factors in a routine clinical practice of a PCI cohort on clopidogrel. Our study demonstrated that although the concurrent presence of both CYP2C19 PM and ABCB1 3435 TT was a strong independent predictor of 1-year MACCEs, adding the combined status of both at-risk variants to a baseline clinical model containing traditional risk factors did not provide significant incremental prognostic value. 
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For the accurate prediction of future cardiovascular events after PCI, several established risk factors, such as age, gender, hypertension, smoking status, DM, and dyslipidemia have been incorporated into a statistical model for risk prediction. However, these factors do not fully explain future cardiovascular events. In a PCI population taking clopidogrel, the interest in genetic testing for clopidogrel metabolism has grown in recent years to augment standard risk algorithms. Based on the prior studies, the CYP2C19 PM status and ABCB1 3435 TT genotype were the main variants of interest for clopidogrel treatment. In the context of the clinical usefulness of genetic testing in PCI patients on clopidogrel, it is reasonable to consider both CYP2C19 PM and ABCB1 3435 TT simultaneously because the metabolizing enzyme and drug transporter function together to elicit a response to clopidogrel. However, there is a paucity of data regarding the combined effect of these two at-risk variants, and no data are available to evaluate the incremental prognostic value of their combined effect over conventional clinical risk factors.
In the present study, CYP2C19 PM status was significantly associated with a 1-year MACCEs, but the ABCB1 3435 TT was not. According to the prior studies, there is robust data demonstrating the significant association between the CYP2C19 polymorphism and adverse clinical outcomes, whereas the results on the association between ABCB1 3435 C>T polymorphism and clinical outcomes are mixed. [10] [11] [12] 22 In our study, the power to detect significant differences in 1-year MACCEs for the variants of ABCB1 3435 C>T was limited (35.8% to detect an effect size 0.0341 with α = 0.05), thus our findings may not be conclusive for this issue. However, although no significant association exists between the ABCB1 3435 TT and adverse clinical outcomes in our study, when the ABCB1 3435 TT was combined with the CYP2C19 PM, the on-clopidogrel platelet reactivity and the HR of patients with both at-risk variants increased remarkably compared to those of each at-risk variant.
Moreover, the individuals carrying both at-risk variants showed the highest event rate compared to those with other combined genetic subsets. This finding is in agreement with the results of two large clinical studies. 10, 11 Our finding demonstrated that patients with both CYP2C19 PM and ABCB1 3435 TT showed a significantly higher HR (4.51, P < 0.0001) for MACCEs than those who did not carry either at-risk variant in multivariable regression analysis. Nevertheless, as expected, the addition of the combined genetic status to the baseline clinical model did not yield further improvements in model discrimination according to the changes in the C-statistic. Furthermore, the new model including the genetic factors did not better reclassify at-risk individuals compared with the baseline clinical model, as determined by assessments of NRI and IDI. The most basic requirement for evaluating the clinical value of a novel risk marker is that the association between the new marker and the outcomes of interest should be statistically significant when tested as a predictor of future adverse events. 16 Most studies regarding the role of CYP2C19 and ABCB1 3435 C>T polymorphism on adverse clinical outcomes in PCI population have reported their results based on the basic association measure such as HRs and odds ratios. However, although strong association may be observed between new markers and clinical outcomes in a multivariate model, it is widely accepted that basic association measures alone are insufficient for determining prognostic value. 16 Therefore, a more important requirement for a novel marker is that it improves risk prediction over established risk factors, i.e., that novel markers should provide incremental prognostic information. For this, we performed rigorous statistical analysis using traditional C-statistics and novel reclassification metrics such as NRI and IDI. However, our study failed to demonstrate the additional prognostic value of a combined set of two genetic variants over traditional risk factors as a novel risk marker. The goal of measuring risk markers is not simply to ascertain an individual's risk; rather, it is to use the risk assessment to guide appropriate therapy and thereby improve clinical outcomes. 16 Considering this perspective, our findings highlighted the limitations of the current genetic testing of patients in a PCI population taking clopidogrel for predicting adverse clinical outcomes. Our findings also supported the current guidelines, which do not recommend routine genetic testing to assess clopidogrel metabolism for patients considering treatment because of the poor sensitivity and low positive predictive value for identifying "high-risk" patients. 15, 23 In fact, it is very difficult to perform large randomized studies guided by genetic testing. No data are available regarding randomized trials for genotype-guided antiplatelet therapy. Two ongoing randomized studies compare CYP2C19 genotype-guided antiplatelet therapy to a nontailored strategy in PCI patients. 24, 25 In this regard, we believe that the findings of the present observational study could supply additional evidence regarding the clinical appropriateness of the current genetic testing to assess clopidogrel metabolism. In addition, our results also reemphasize that the traditional risk factors are still strong predictors of a broad cardiovascular end point. 26 
study limitations
There were several limitations of our analysis. First, this study enrolled only East Asians. Because the effect of a genetic polymorphism on clinical events can differ depending on genetic background or environment, 27 it may be inappropriate to generalize the results of this study to other ethnic groups. Second, due to the relatively low event rate and low prevalence of carrier with CYP2C19 PM + ABCB1 3435 TT genotype, there is a possibility that the addition of combined genetic status would not alter the prediction results using C-statistics. Therefore, because these factors may make it difficult to draw definite conclusions on the current issues, our findings should be considered with caution until additional large clinical studies with long-term follow-ups replicate our findings. However, with regard to the low event rates of adverse clinical outcomes, numerous clinical data have shown that East Asians may have even lower rates of post-PCI adverse cardiovascular outcomes compared with Westerners. 28, 29 Indeed, the overall 1-year rates of adverse clinical outcomes in other Asian PCI studies are similarly low to those in our study: bleeding complications (0.2-1.5%), stent thrombosis (~0.5%), and the composite of death, non-fatal MI, and stroke (~3.0%). [30] [31] [32] [33] Despite the limitation of the event rates, this study is the largest genetic study to evaluate the incremental predictive value of the combination of the CYP2C19 PM and ABCB1 3435 TT over traditional risk factors in PCI patients. Therefore, we believe that our results may reflect the situation of routine clinical practice in this population. Third, we performed platelet-function tests on a limited number of patients (n = 693; 31.6% of the entire study population) because of the late availability of the VerifyNow P2Y12 assay during patient enrollment. Therefore, precisely evaluating the pharmacodynamic aspects of clopidogrel with respect to the polymorphism of the CYP2C19 and the ABCB1 3435 C>T might be biased in this population. Finally, our study is retrospective and therefore subject to the limitations inherent to such analyses.
Conclusions
Although the concurrent presence of CYP2C19 PM and ABCB1 TT is a strong independent predictor of 1-year MACCEs, the combined status of these two at-risk variants does not have incremental prognostic value beyond that of conventional clinical risk factors in a real-world East Asian PCI population taking clopidogrel. However, to draw definite conclusions on the current issues, further large-scale multinational collaboration studies are essential.
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